We study the interface energetics of Ag nanocrystals on a H-passivated Si(111) surface by a transmission electron microscopy experiment and molecular dynamics simulations. The annealed nanocrystals are oriented with Ag111kSi111. Azimuthally, epitaxy is preferred for nanocrystals with an interface larger than a coincident-site-lattice (CSL) cell. The equilibrium orientation, or interface energy minimum, depends on the interface size and shape. For interfaces approaching a CSL cell in size ( 2 nm nanocrystals), fluctuations of a single atom at an interface can lead to large variations in nanocrystal orientations. DOI: 10.1103/PhysRevLett.90.226104 PACS numbers: 68.35.-p, 02.70.Ns, 61.46.+w, 68.18.Fg Prominent to nanomaterials are surfaces and interfaces [1], e.g., small metal clusters exhibit special polyhedral structures with low surface energies [2, 3] . Interfaces in supported nanostructures, or those in a matrix, often occur between different lattices. In bulk, studies [4 -6] of interfaces have shown preferred low-energy configurations associated with coincidence site lattices (CSL) [6 -9] or special epitaxial orientations [10] . The epitaxy of these interfaces, generally with large periodic cells, may not be expected for very small structures. In thinfilm growth, the exact stage of epitaxial formation in Volmer-Weber (VW) growth is generally unknown. Misorientation of metal clusters of size 10 nm on oxide substrates is common and is often attributed to metastable interfaces [11] [12] [13] or misfit dislocations [14] .
Prominent to nanomaterials are surfaces and interfaces [1] , e.g., small metal clusters exhibit special polyhedral structures with low surface energies [2, 3] . Interfaces in supported nanostructures, or those in a matrix, often occur between different lattices. In bulk, studies [4 -6] of interfaces have shown preferred low-energy configurations associated with coincidence site lattices (CSL) [6 -9] or special epitaxial orientations [10] . The epitaxy of these interfaces, generally with large periodic cells, may not be expected for very small structures. In thinfilm growth, the exact stage of epitaxial formation in Volmer-Weber (VW) growth is generally unknown. Misorientation of metal clusters of size 10 nm on oxide substrates is common and is often attributed to metastable interfaces [11] [12] [13] or misfit dislocations [14] .
Nanometer-sized metal clusters have many applications in nanoscience and nanotechnology. Their interface energetics from the interaction of 10 2 atoms are complex. Here we report a study of the interface size dependence with atomic details by combining experiment with molecular dynamics (MD) simulations. We use Ag clusters on hydrogen-terminated Si(111) surfaces (H-Si) as a model system. H-Si(111) has the ideal hexagonal (1 1) surface structure, which, prepared by chemical techniques, is very stable [15] . Ag interacts with H-Si(111) an order of magnitude weaker than Ag on pure Si, changing the layer island (Stranski-Krastanov) to island (VW) growth [16] . Using the self-assembled Ag nanoclusters, we find that the combination of a weak interface and small sizes can result in novel and complex interfacial behavior different from bulk. As the interface approaches the size of a CSL cell, the equilibrium interface structure depends on both the size and the shape of nanocrystals for the lack of commensuration. This finding is general and applicable to other weak interfaces, such as metal clusters on oxides for catalysts [17] .
To study the interface energetics, we have carried out a ''rotating crystallite'' experiment [5, 6] for nanocrystals.
The experiment was done by annealing misoriented Ag nanocrystals of size from 1.5 to 6 nm in diameter, and observing the individual nanocrystal orientation by electron imaging. After annealing, some nanocrystals rotate to the epitaxial orientation Ag1-10kSi1-10, at which Ag forms a 4:3 coherent CSL interface with a strain of 0:32% [18] (a Si 5:430
A and a Ag 4:086 A). In general, increasing nanocrystal size increases the alignment. Nanocrystals smaller than 2 nm largely remain misoriented. To interpret the experimental results, we use MD simulations with an Ag-to-substrate potential developed by density functional calculations. We compare the simulation results with experiment for the equilibrium orientation of nanocrystals of different sizes. The simulation is then used to study the interface behavior and energetics of individual nanocrystals. Figure 1 (left panel) shows a TEM image of annealed Ag nanoclusters on H-Si(111) using lattice fringe contrast from Si and Ag (111) reflections. The Ag clusters were grown by vapor depositing 3.5 monolayer Ag on the H-Si(111) surface of a prethinned TEM sample in a UHV-TEM [16] . The substrate surface has a rms surface roughness of 1:5
A. No preferred nucleation of nanocrystals on surface steps was observed. The mismatch between Ag and Si forms broad moiré fringes, very sensitive to the crystallinity and orientation of clusters. The clusters are mostly crystalline (nanocrystals) with one of the {111} planes parallel to the substrate, leaving only an azimuthal, or in-plane orientational, degree of freedom. Initially, the nanocrystal orientations follow a Gaussian distribution with a half-width of 9
(the angular range is 15 on a hexagonal substrate). The nanocrystals are then annealed in situ at T 210 C for 2 h. The size dependence of nanocrystal orientation is revealed in the histograms of Fig. 1 (right panel) . In all, 170 clusters of different sizes were measured. For all sizes, the nanocrystals have an average preferred orientation at Ag110kSi110 due to the accidental 4:3 lattice parameter relation. This means that every 16th Ag atom will define a coincident site. We define this orientation as having the azimuthal angle, equal to 0 . We use MD calculations to simulate the interfacial behavior and energetics of very small nanocrystals. The large number of atoms in the nanocrystals precludes the use of ab initio calculations. To simulate the interaction of Ag with H-Si, we generated a classical Morse potential with an additional angular term relative to the Si-H bond direction [19] . The potential parameters (seven in all) were fitted to first principles linearized augmented plane wave calculations (LAPW using WIEN97 [20] ), of 44 Ag configurations on H-Si. The potential reproduced the energy surface of the 44, plus 43 new, LAPW calculations. The Ag-Ag interaction was modeled by an embedded atom method (EAM) potential [21] . Each Si(111) surface atom was terminated by a H atom [22] , and both were held fixed in space. The LAPW calculations gave a binding energy of 0.089 eV per Ag atom, or about 18 times smaller than for Ag on clean Si(111). Ag adsorbs at 2:1 A directly above H. All our MD simulations were performed in a canonical ensemble, with the velocity Verlet time integration algorithm. The simulation assumes a perfect surface without hydrogen vacancies. Nanocrystals are simulated by the following procedures. An example is shown in Fig. 2 . Liquid Ag droplets of diameter d 2, 3, and 5 nm ( ' 250, 1000, and 4000 atoms, respectively) were quenched on the H-Si substrate. The quenching was done from 700 K at 10 9 K=s, sufficient for defects to escape to the surface and for the crystal to find its equilibrium shape. To further equilibrate the nanocrystals, they were annealed just below the melting temperature for 10 ns. At each crystal size, 20 nanocrystals were generated, allowing us to determine the average equilibrium shape. All the nanocrystals had the face centered cubic structure. For the small 2 nm crystals, however, half had either the icosahedral or decahedral structure with multiple twins and fivefold symmetry axes, while the other half had the truncated octahedral structure (no fivefold axes) [3] . All of the 5 nm nanocrystals, and 80% of the 3 nm nanocrystals, had the octahedral structure seen in Fig. 2 . Thus, the supported Ag nanoclusters have the decahedral to octahedral structure transition close to 2 nm, which is significantly smaller than that of free Ag clusters [3, 23] indicating heterogenous nucleation. Nearly all nanocrystals have stacking faults close to the surface as shown in Fig. 2 . Only nanocrystals without the fivefold axes, which were observed experimentally, are used in the following simulations.
To calculate a simulated orientation distribution of nanocrystals, we rotate the nanocrystal on the substrate to 0 and then follow its rotation into the preferred orientation during annealing [24] . To increase statistics, 200 nanocrystals for each size were generated. The results are superimposed on top of the experimental results in 6 JUNE 2003 substrate surface. For nanocrystals with d < 2 nm, while the orientation fluctuations are captured by our simulation, the agreement is quantitatively poor. The reason, we believe, is poor statistics, and that the orientation of small nanocrystals depends critically on the interfacial geometry (see below) resulting in noisy behavior. Figure 3 shows the interface atoms for various nanocrystals differing by a few atoms only. The nanocrystal orientation is mostly determined by the arrangements of these atoms. In Fig. 3 , the Ag atoms are shaded according to their interface interaction energy. The preferred Ag adsorption position, i.e., the coincident site, is directly on top of a H atom. For nanocrystals of the size studied here, there are 50 Ag atoms at the interface. Among these, there are no more than four coincident sites (every 16th atom). For such a small number, atoms in incomplete CSL cells can introduce large fluctuations in the interface energy. For small nanocrystals, these tend to dominate the interface energetics and thus determine the orientation of the nanocrystal. This is shown in Fig. 3 , where the difference by a single interface atom leads to a large variation in nanocrystal orientation. For large nanocrystals, the interface energy is mostly determined by atoms in the completed CSL cells. This enhances the alignment. It is worth noting that the size at which nanocrystals tend to align is not determined by the absolute size of the interface, rather it is the number of coincident sites. Ag nanocrystals on Si as large as 6 nm still have, assuming ' 0 , no more than 10 -12 coincident sites. Thus, the epitaxy of a nanocrystal depends on the relative size of the interface and the CSL cell.
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Cluster misorientation has previously been observed in the study of early stage epitaxial growth [12, 25] . It is generally thought that the misorientation is due to local side minima in the interface energy [13] , in which crystals may be thermally trapped. To see whether the nanocrystals orientation is at global or local minima, we calculate the nanocrystal energy as a function of the azimuthal angle. To do this, we rotated the nanocrystals around the surface normal, equilibrated for 0.5 ns, and then calculated the interface energy over 0.5 ns. These calculations were done at 100 K to avoid significant structural changes in the nanocrystal. To prevent the nanocrystals from rotating immediately into the closest minimum, we introduced a rotational friction force for the interface energy calculation. All nanocrystals had freedom to translate. This removes the dependence of interface energy on the nanocrystal positions. Figure 4 shows the interface potential energy vs azimuthal orientation for nanocrystals of approximate sizes 2 and 3 nm. In general, larger crystals have more and deeper local minima, as predicted by the rigid lattice model of Reiss [13] . However, details of the interface energy depend strongly on the interface geometry. Most importantly, the position of the global minimum may shift several degrees. Figures 3 and 4 are calculated from the same seven nanocrystals. In each case, the nanocrystal orientation is at equilibrium. From Fig. 3 , we see that adding an atom to the interface of a small nanocrystal may change the interface energy to the extent that the equilibrium orientation of nanocrystals differs by several degrees. This scenario is for a weak finite sized heteroepitaxial interface. For strong interfaces, such as metals on metals, the energy barriers may be significant and rotation may require dislocation movements [6, 11, 14] .
In conclusion, we have carried out a rotating crystallite experiment and molecular dynamics simulations for nanocrystals to study the finite-size effects on an epitaxial interface. For small Ag nanocrystals on HSi(111), we show that interface energetics strongly depends on the interface size and shape. Specifically, orientation of annealed nanocrystals is determined by the global minimum of interface energy. Both the interface energy profile and the global minimum position fluctuate for nanocrystals of different sizes and shapes. The fluctuation increases for small nanocrystals approaching the size of a CSL cell. The agreement between experiment and the multiscale simulations suggests that such an approach can be used to predict the epitaxy of 
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